ABSTRACT: Infrared absorption spectroscopy has greatly benefited from the electromagnetic field enhancement offered by plasmonic surfaces. However, because of the localized nature of plasmonic fields, such field enhancements are limited to nanometer-scale volumes. Here, we demonstrate that a relatively small, but spatially uniform field enhancement can yield a superior infrared detection performance compared to the plasmonic field enhancement exhibited by optimized infrared nanoantennas. A specifically designed CaF 2 /Al thin film surface is shown to enable observation of stronger vibrational signals from the probe material, with wider bandwidth and a deeper spatial extent of the field enhancement as compared to such plasmonic surfaces. It is demonstrated that the surface structure presented here can enable chemically specific and label-free detection of organic monolayers using surface-enhanced infrared spectroscopy, indicating a great potential in highly sensitive yet cost-effective biomolecular sensing applications.
I
nfrared absorption spectroscopy is a powerful method to directly probe the vibrational signatures of molecules, enabling label-free biochemical analysis. 1, 2 However, because of the poor interaction between the infrared field and nanoscale molecules, conventional infrared absorption methods require large numbers of molecules to collect significant information, making them insufficient to detect thin films or monolayers, which is crucial for biomolecular sensing. Some measurementbased modifications to infrared spectroscopy, such as attenuated total internal reflection 3 or grazing angle techniques, 4,5 enable monolayer detection, albeit still yielding low signal intensity and also requiring specialized optical setups or laborious sample preparation procedures. In order to overcome such problems, plasmonic field enhancement by surface nanostructuring has been widely studied in recent years, enabling the technique called surface-enhanced infrared absorption spectroscopy (SEIRA), which has been successfully demonstrated to enable monolayer detection. 6−11 However, like other plasmonic enhancement methods, SEIRA also requires patterned plasmonic structures that provide optical resonances close to the vibrational modes of the molecules, narrowing down the detection bandwidth. Hence, the resonance wavelength of the plasmonic structure has to be tuned, which can be done either physically by using lithography techniques 8 or, as recently demonstrated, electronically by employing patterned graphene electrodes. 12 To overcome the need for tuning by increasing the bandwidth, spatially multiplexed designs with multispectral responses have also been demonstrated, 7 albeit requiring even more complex designs. Moreover, besides the narrow bandwidths and difficult fabrication, plasmonic field enhancement brings yet another fundamental problem: exponentially decaying electromagnetic fields, which reduce the active volume of detection. Therefore, even for the reports that claim signal enhancement factors of 10 4 −10
6
, the far-field signal intensities are below 5%. The reason for the discrepancy between the claimed enhancement factors and the signal intensity is the normalization values used for calculating the enhancement factors, which are merely the tiny nanoscale volumes at the antenna ends.
We anticipate that a simple thin film device that provides a small (near unity), but spatially uniform field enhancement can yield higher signal intensity values and much wider detection bandwidths compared to SEIRA, while not requiring any lithography. Here, we propose thin film structures for IR sensing and demonstrate the advantages of such structures versus conventional plasmonic structures (SEIRA), in terms of fabrication, signal intensity, bandwidth, and spatial detection range. We also present IR-based detection of self-assembled monolayers and proteins on these platforms.
A unity enhancement factor (|E| 2 /|E o | 2 ) can be achieved by suspending a nanometer-thick layer of a thin film (e.g., poly-(methyl methacrylate) (PMMA)) in air, which enables the most basic infrared spectroscopy method. Here, the vibrational modes can be simulated as small dips in the transmission spectrum ( Figure 1a) . However, realizing a suspended layer of most materials over a spectroscopically measurable area (i.e., ∼mm 2 ) is not easy. To overcome this difficulty, a thin (∼50 nm) suspended membrane, such as SiN x , can be used to act as a support, while introducing other problems such as fragility and a strong signal background. The IR transmission measurements of a 10 nm PMMA-coated 50 nm thick Si 3 N 4 membrane show a detectable but small signal for the major PMMA band at 1732 cm −1 and very strong signals (∼40%) for the Si−N vibrational bands ( Figure S1 ). To replace this fragile support, a thick IR transparent substrate (e.g., CaF 2 or MgF 2 ) can also be used. Such a layer reduces the enhancement factor from unity to 0.7, but provides rigidity (Figure 1b) . To obtain even higher enhancement factors, a reflective substrate, such as a metal layer, can be introduced. However, when a 10 nm PMMA layer is placed directly on the metal layer, no vibrational band signals can be obtained ( Figure S2 ), unless the grazing angle method is used ( Figure S3 ). On the metal, only if the PMMA layer becomes relatively thick (>100 nm) does the signal intensity reach 1.5% ( Figure S4 ). So, when using a metal reflector, the maximum field intensity enhancement of 4 can be obtained at a distance of a quarter wavelength (∼λ/4) away from the metal surface, 13, 14 because of the constructive interference of the incident and the reflected rays (Figure 1c ). This configuration is similar to what is implemented in recent reports of electrically tunable graphene Salisbury screens in the IR 13−15 and interferometric reflectance sensors in the visible. 16, 17 While such a configuration can be achieved by forming a thin membrane over a metal surface, the most rigid and trivial way is to use a dielectric coating. The enhancement factor at the air−dielectric interface in this case is given as where r xy = (nx − nỹ)/(nx + nỹ), ñis the complex refractive index, β = (2π/λ)n 2 t, t is the thickness of the dielectric film, and layers 1, 2, and 3 are air, dielectric, and metal, respectively. For a dielectric layer with λ/4n 2 thickness, which makes the e 2iβ term −1, the total reflection coefficient (r t ) becomes 1; hence the enhancement factor becomes 4 if a perfect electrical conductor (PEC) is used as the reflector layer (r 23 = −1). However, although Al, Ag, and Au are the most reflective metals in the IR regime, they are not PECs ( Figure S5 ). In such case, r t is equal to −r 23 (∼1) for n 2 = 1 (r 12 = 0) (Figure 1c) . When a dielectric with n 2 larger than 1 is used as the coating layer, r t decreases owing to nonzero reflection from the top dielectric surface (r 12 < 0) ( Figure 1d ). Hence, the enhancement factor is maximized (∼4) when a low refractive index IR-transparent material such as CaF 2 (n = 1.2−1.4) with λ V /4n 2 thickness is used as the dielectric layer. Using an IR-transparent material with relatively high refractive index such as chalcogenides (n ≈ 4) reduces the enhancement to ∼3.6. Therefore, Al can be the reflector of choice, because of its abundance and low cost, and CaF 2 can be the dielectric layer, due to its IR transparency and low refractive index. The analysis of the CaF 2 /Al surfaces ( Figure 1d ) promises high signal intensity for an ultrathin probe material, a large bandwidth (∼9 μm) that allows a variety of probe materials, and a large spatial extent of the field enhancement (∼1 μm) that also enables the detection of thicker media, such as viruses.
An array of cross-shaped antennas on Si is designed as a reference plasmonic surface targeting the PMMA band at 1732 cm
following a SEIRA study on rod arrays. 6 We first numerically compare the optical responses of the dielectric thin films on Al to those of the cross antenna arrays. Two main aspects of the surfaces are compared: the detection bandwidth and the spatial extent of the field enhancement. For the thin film surfaces, the effect the dielectric layer's refractive index on these aspects is also investigated using hypothetical refractive indices ranging from 1 (air) to 4 (chalcogenides). The dielectric thickness is chosen as λ V /4n (λ V = 5.78 μm), to address the major PMMA band. For increasing n, both the maximum enhancement factor at the dielectric layer's top surface and the bandwidth decrease (Figure 2a ). For the case of n = 1.5, which is close to the CaF 2 refractive index, the full-width at half-maximum (fwhm) is 5.13 μm, while the fwhm for the antenna surface is much smaller (2.44 μm). The field intensity spectrum for the antennas depends on the field-averaging volume. The field on and close to the surface is high; hence volume covering a small distance away from the surface yields larger average field intensities. For increasing volume, the average field intensity decreases owing to a quickly decaying field profile away from the surface (Figure 2b ). The effect of increasing n on the reflection spectra of the thin film surfaces is the appearance of deeper resonances owing to the increasing partial destructive interference of the light rays reflected from the dielectric−air and metal−dielectric interfaces (Figure 2c ). The same partial destructive interference is behind the reduction in the enhancement factor for increasing n. The resonance-free optical response of the dielectric film is more desirable for the infrared absorption spectroscopy, as the vibrational mode signal can be detected without any signal processing such as curve fitting and background subtraction. In contrast, such procedures are commonly required for plasmonics-based SEIRA, because the reflection/transmission spectra are nonuniform 6 ( Figure 2d ). Moreover, the spatial extent of the field enhancement from the surface is very large for the dielectric surfaces, even close to 1 μm (Figure 2e) , enabling also the detection of thicker layers; meanwhile, the antennas' plasmonic field decays exponentially with a small decay length (<100 nm) (Figure 2f ), as also found previously. 18 For the experimental comparison of the infrared absorption spectroscopy performances of the thin film surfaces and plasmonic structures, we have selected PMMA as the probe material, Al as the reflector, CaF 2 as the dielectric, and Ag to form the plasmonic antennas that are defined by e-beam lithography ( Figure S8 ). For the thin film measurements, the CaF 2 thickness is chosen as 900 nm, to have a field enhancement above unity at the IR range of λ = 3−12 μm. Thus, the reflection spectrum without PMMA is mainly flat above ∼3200 cm , as expected by the simulations (Figure S9 ), except the dips at 3400 and 1640 cm −1 , which can be attributed to the O−H modes (Figure 3a) . This broad bandwidth enables easy identification of all the PMMA bands ranging from 3000 to 1000 cm −1 , even when there is a very thin layer of PMMA on CaF 2 (Figure 3a) . The reflection from the 10 nm thick PMMA-coated antennas, however, shows only the major PMMA peak at 1732 cm −1 (Figure 3b ) with lower signal intensity (3.5% vs 7.7%), as shown in the background-subtracted data in Figure 3c . Besides the bandwidth and signal intensity, the spatial extent of the field enhancement by the CaF 2 surfaces is much larger. Thus, when a thicker (100 nm) layer of PMMA is coated on both surfaces, the dip at 1732 cm −1 reaches 45% of the total reflection for the CaF 2 surface, while the same dip is a mere 8% for the antenna surface (Figure 3d ). The reflectance spectra used for Figure 3d are also provided in Figure S10 .
Label-free detection performance for proteins and other organic molecules determine most of the application potential of an IR spectroscopy platform. We have used bovine serum albumin (BSA) and octadecanethiol (ODT) for the monolayer sensing tests (Figure 4) . The BSA vibrational bands at 1652 (amide I) and 1531 cm −1 (amide II) are observed on the reflection spectrum with signal intensities of 6.5% and 2.7%, respectively. Such signals are obtained by the difference in the IR reflection spectra of the CaF 2 /Al surfaces prepared using citrate solution with and without BSA ( Figure S11) . Here, the obtained signal intensity for amide I is much larger than the values reported on plasmonic surfaces for monolayer protein layers. 6, 10, 19 Meanwhile, for ODT the vibrational bands are close to the edge of the enhancement bandwidth, at 2917 and 2849 cm −1 , corresponding to asymmetric and symmetric CH 2 stretching, respectively. Before the ODT adsorption, the CaF 2 surface is functionalized by a 1.5 nm thick Au deposition, yielding Au nanoislands ( Figure S12 ) instead of a continuous film, in order to minimize the effect of Au on the optical response ( Figure S13 ). The CaF 2 /Al surface without Au nanoislands does not show significant ODT vibrational signal Figure 2 . Numerical comparison of thin film surfaces to plasmonic antenna surfaces for IR spectroscopy. Field intensity spectra on the surfaces of various refractive index materials (n = 1, 1.5, 2, 3, 4; indicated by violet, light blue, green, red, and black curves, respectively) with λ V /n thickness on Al, where λ V is 5780 nm (a). Averaged field intensity, from the antenna surface to the indicated maximum distance (z) from the antenna (b). The dashed arrows mark the full-width at half-maximum bandwidths for n = 1.5 in (a) and z = 10 nm in (b). The reflection spectra for the thin film surfaces (c) and the antennas (d). Field intensity distribution maps on the cross section of the dielectric-coated (n = 1.5, t = 960 nm) Al surface (e) and the antenna (f), at the resonance wavelengths. Notice that (f) is not drawn to scale.
and, thus, acts as the background reference ( Figure S11 ). On the Au-functionalized surface, the ODT bands at 2917 and 2849 cm −1 yield 2% and 1% reflection change, respectively (Figure 4) . Despite a modest field enhancement factor of ∼2.5 on the CaF 2 surfaces at the active wavelengths, the measured signal intensities are comparable to the values from plasmonic surfaces optimized for the ODT vibrational bands. 11, 20, 21 A state-of-the-art ATR system sandwiching a monolayer ODT layer between a Si substrate and Ge crystal can achieve a signal intensity of 3.3%, being in the same range observed for the CaF 2 /Al and plasmonic surfaces. 22 This study has investigated the use of interference-originated uniform field enhancement by flat thin films versus the plasmonic field enhancement by nanostructured metals, for the purposes of IR spectroscopy. The IR absorption signal intensities for the commonly used materials for IR probing (PMMA) on CaF 2 /Al thin film surfaces can exceed those on the plasmonic surfaces fabricated here and reported elsewhere. 23, 24 The detection bandwidths on the CaF 2 /Al platform have also been observed to be much larger than the plasmonic surfaces. Although there has been a recent report 12 using graphene plasmonics to electrostatically tune the detection bandwidth for SEIRA between 1300 and 2000 cm −1 , the simple 900 nm thick CaF 2 film on Al can yield an above-unity enhancement factor in a larger range: 850−3300 cm −1 . Such bandwidths can be further tuned by changing the dielectric thickness during deposition, which is much simpler than realizing the wavelength tuning on plasmonic surfaces, which requires controlling the shape and size of the lithographically defined features. The CaF 2 /Al surfaces, in contrast to the plasmonic surfaces, can also provide a large spatial extent of the field enhancement, which can be used to detect layers as thick as hundreds of nanometers. Moreover, the CaF 2 surfaces do not exhibit Fano-type vibrational bands due to the strong coupling of plasmonic and vibrational modes, which necessitates complicated postprocessing techniques for the IR absorption data obtained on the plasmonic structures.
Besides the better IR detection performance, the proposed surfaces offer large-scale, low-cost, and easy fabrication, unlike the plasmonic surfaces, which typically require expensive lithography techniques on a limited area. The absence of patterning for the CaF 2 surfaces also opens up new substrate possibilities such as Al foil and Al-coated plastics. A summary of the comparative study between the CaF 2 /Al surfaces and the fabricated antenna array is provided in Table 1 .
In conclusion, simple unpatterned dielectric/metal thin films, such as CaF 2 /Al, can provide better IR detection performance, in terms of signal intensity, bandwidth, and spatial extent of the field enhancement, in comparison to the lithographically defined metal nanostructures that are typically used for SEIRA.
■ METHODS Sample Preparation. CaF 2 Surfaces. Al (80 nm) is deposited at a rate of ∼1 Å/s on Si wafers coated with a 3 nm Ge adhesion layer. Then, CaF 2 films are deposited at a rate of 10 Å/s. A thermal evaporation system is used for both evaporation steps. A 10 −6 Torr pressure is reached before evaporation is started.
Ag Antenna Array. A 125 nm thick PMMA (MicroChem Nano 950k A2) is spin-coated on a 2 cm × 2 cm silicon substrate. PMMA is prebaked at 180°C for 90 s. Then e-beam lithography is performed with a FEI Nova NanoSEM electron microscope equipped with a Raith ElphyPlus system with an acceleration voltage of 30 kV and beam current of 26 pA. Figure S11 ). Calculated enhancement factor on the surface for n = 1.25 and t = 900 nm is shown on top. PMMA is then developed using a MIBK/IPA (1:3) solution. PMMA patterning is followed by 1 nm Ge (adhesion layer) and 50 nm Ag deposition in a thermal evaporation system. The antenna array is obtained by a subsequent lift-off process in acetone. The area of the antenna array is 100 μm × 100 μm. Ellipsometer Measurements. The thicknesses and optical properties of deposited CaF 2 are characterized using variableangle visible spectroscopic ellipsometer measurements (J.A. Woollam Co., V-Vase). The Cauchy model is used to extract the optical properties in the measurement range and extrapolate toward the IR (n = 1.25). The thickness of PMMA layers spin-coated on silicon wafers is determined using variable-angle visible spectroscopic ellipsometer measurements. To obtain ∼10 nm PMMA films, PMMA in anisole solutions (PMMA 950 K A2 from MicroChem) is further diluted with toluene in a 1:4 ratio and then spin-coated at 8000 rpm. The optical parameters of PMMA layers are extracted using spectroscopic IR ellipsometer ( Simulations. Simulations are performed using the transfer matrix method for the CaF 2 /Al surfaces and a commercial FDTD package (from Lumerical) for the antennas. Threedimensional geometries with symmetric boundary conditions along the x-axis and asymmetric conditions along the y-axis are used. Perfectly matched layer boundary condition is used in the z-axis. A broadband plane wave (λ = 0.3−10 μm) is used to calculate the reflection spectrum and electric field profiles. The mesh size used in the simulations is 5 × 5 × 5 nm 3 . Dielectric functions used in the simulations are from the program's database (CRC data for Al, Palik data for Si) and our ellipsometer measurements (for CaF 2 , PMMA). Native SiO 2 and Ge adhesion layers are ignored in the simulations. 
Notes
The authors declare no competing financial interest.
■ ACKNOWLEDGMENTS
This work is partially supported by TUBITAK grant no. 114E960 and EU FP7:People-IAPP NanoBacterPhageSERS.
